steps, which limit their usage. Precision medicine tailors treatments to a patient's profi le based on their genetic data. Cellular and molecular analyses are increasingly being performed by research institutions and drug companies to achieve more effi cient drug development and improved early diagnoses. In this respect, smartphones with high-resolution cameras, fast computing power, graphics processors, data storage, and connectivity capacities are used for various healthcare platforms, including telemedicine and POC diagnostics. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] The red blood cell (RBC) and white blood cell (WBC) count is a crucial diagnostic parameter assessed in pathology laboratories. [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] Currently, hemocytometry, coulter counting, or fl ow-cytometry are the most widely used methods to count an classify blood cell. [ 34 ] In Table 1 , we compare the i-LEV device to these established methods. Coulter and fl ow-cytometry are complex and expensive, whereas hemocytometry is inexpensive but labor intensive, time-consuming, and not practical for POC testing. Recently developed methods have advanced the fi eld by applying sensitive and robust technologies. However, an inexpensive and accurate blood count analyzer is still missing for POC monitoring.
In recent years, magnetic levitation principles have been used to monitor and biologically characterize cells and cellular events. [40] [41] [42] [43] [44] [45] Our earlier studies have shown that different cell types with various sizes ranging down to the sub-micron level can be aligned at unique heights using levitation platforms. Here, we present a smartphone-based magnetic levitation system to identify and quantify blood cells without using labels. Our system assesses RBC and WBC counts in whole blood samples by analyzing the width of the blood band in a high magnetic fi eld. Previously, the separation of blood cells without labeling has posed a signifi cant challenge in clinical diagnostics. Using our system, RBC and WBC can be separated due to their unique density signatures. The i-LEV device is an easy-to-use and easy-to-access POC solution for blood cell counting that could be used to monitor disease progression and drug effectiveness in the home-setting.
Results
Our portable, magnetic levitation-based imaging platform shown in Figure 5 has several components including: i) a front panel with several threads to mount components of the system; ii) a lens, which is placed right behind the smartphone to focus the images on the camera; iii) a levitation device with capillaries that is placed directly below the lens to image the band width of levitated blood cells, iv) additional components such as simple LED light sources and ND fi lters to improve the images. The front panel has a slide-in door to block external light. The set-up was designed using PMMA building blocks prepared with a laser cutter. The levitation device is made of magnets, mirrors, and channel. Two permanent magnets (50 mm length, 2 mm width, and 5 mm height) are set up in such an orientation that the same poles face each other. A capillary channel (50 mm length, 1 mm × 1 mm cross-section, 0.2 mm wall thickness) can be inserted between the magnets. Side mirrors are used to illuminate and observe the levitation channel. Samples spiked into a paramagnetic medium (i.e., Gadavist) are levitated inside the medium at a position where the buoyancy force and the magnetic force are equal. The levitation height of the sample is calculated based on Equation ( 1) .
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Parameters Hemocytometer [35] Flow cytometer (FACS) [34, 35] Coulter counter [36] Miniature microfl uidic devices [37] [38] [39] i-LEV The fi rst part of the equation represents the magnetic force applied to a particle, while the second part represents the buoyancy force. The magnetic induction, gravitational acceleration, difference between volumetric densities of cells and medium, and permeability of the free space are represented by B, g, ρ , and µ 0 , respectively. Samples are levitated at unique heights mainly based on their density, independent of their mass and volume. [ 46, 47 ] Therefore, only mass or only volume of the cells are not crucial for the levitation however, their unique densities determines the levitation height. Blood cells can be equilibrated in paramagnetic concentration lower than 100 × 10 −3 m with the induction of magnetic gradient about 600 T m −1 . [ 48 ] Paramagnetic medium effects equilibration height as the more paramagnetic salt concentration increases the equilibration height. Cells with the same density as the paramagnetic medium are localized in the middle of the capillary channel, however cells with densities different from that of the medium are localized above or below the middle of the channel depends on their densities. To demonstrate the i-LEV system's potential to separate different sample species, RBC and WBC were mixed at equal concentrations of 5 million cells mL −1 and separated according to their different levitation characteristics ( Figure 1 a) . The same samples were also imaged using regular microscopy to confi rm the types of cells that levitated different heights ( Figure 1 b-d ). Overlapped images of WBC labeled with CD45 and the bright-fi eld image of the mixed RBC and WBC sample clearly validated the i-LEV results (Figure 1 a-d) . Additionally, we performed live-dead assays with WBC and RBC. First, WBC were stained and frozen overnight. These dead cells were then spiked into RBC samples at equal concentrations. The i-LEV system shows only RBC levitated at the middle of the channel, whereas dead WBC aggregated at the base (Figure 1 e) . To validate our results, we stained the dead WBC with DAPI and visualized them by fl uorescence microscopy. The overlapped bright-fi eld image of WBC (Figure 1 f) and DAPI-stained WBC (Figure 1 g ) confi rmed the dead-live assay results (Figure 1 f-h ).
Next, we levitated and separated a RBC and WBC mixture using two other Gadolinium (Gd + ) concentrations to identify the optimal Gd + concentration for cell separation experiments (Figure 1 , Supporting Information). As we increased the Gd + concentration (e.g., 60 × 10 −3 and 90 × 10 −3 m ), the levitation height rose and it became harder to distinguish the bands from one another. Our results indicate that the ideal Gd + concentration is around 30 × 10 −3 m , as this concentration allows optimal levitation while keeping the cells at an adequate distance from the capillary walls. In this condition, the resulting bands are easy to distinguish.
We then used i-LEV to quantify RBC spiked in phosphate buffered saline (PBS). To evaluate equilibration time, we fi rst performed calibration measurements at different time points. The whole blood samples spiked in PBS at a fi nal concentration of 450 million cells mL −1 were levitated for 30 min. Samples were imaged every 3 min during levitation (Supplementary movie, Supporting Information), demonstrating that cells were equilibrated at their unique levitation heights after approximately 15 min ( Figure 2 a) . Experiments with 90 million cells mL −1 blood were performed to test the stabilization time at different concentrations. The exponential time constants for the stabilization curves were 5.8 min for 450 million cells mL −1 and 3.3 min for 90 million cells mL −1 . The blood cell concentration versus time curves show that the equilibration time for the curves was again 15 min (Figure 2 b) . As expected, higher concentrations of blood cells took longer to equilibrate. Further validation experiments were performed to assess the changes in blood bandwidth at different concentrations. RBC were imaged with the i-LEV system at concentrations of 250, 125, 63, 50, 25, and 0.8 million cells mL −1 . Each sample was quantifi ed using a hemocytometer to confi rm the calculated blood counts. To assess the cell concentrations, the width of the levitated blood band across the channel was measured by dividing the total area of the blood by width of the illuminated region. At higher concentrations, between 50 and 250 million cells mL versus concentrations curves were linear with a slope of 0.6 micrometers per million cells mL −1 . However, as the cell concentration decreased (i.e., 0.8 and 25 million cells mL −1 ), the curves lost their linearity (Figure 2 d) . For blood cell concentrations above 50 million cells mL −1 , we observed that the width of the blood band during levitation was correlated with the cell concentration. We also imaged WBC at varying concentrations ranging from 1 to 5 million cells mL −1 and plotted the concentration against the width of the blood band (Figure 2 e,f) . WBC concentrations also correlated with the width of the blood band in a linear manner.
Using the i-LEV platform, we detected single cells without using any labels. After diluting the RBC concentration to 100.000 cells mL www.small-journal.com individual cells in the illuminated area using simple image processing tools ( Figure 3 a,b) . Finally, we levitated polyethylene beads in the capillaries to check the levitation resolution of the platform and show its potential to calculate densities for different samples and cells. Beads with various sizes between 10 and 100 µm in diameter with densities of 1.025, 1.031, 1.044, or 1.064 g mL −1 showed distinct levitation heights in 30 × 10 −3 m Gd + (Figure 3 c) . We also observed that beads with 1.064 g mL −1 density had different levitation heights in different Gd + concentrations (10 × 10 −3 , 30 × 10 −3 , 60 × 10 −3 m ) (Figure 3 d ).
Discussion
Earlier studies have introduced several relevant biological applications for different magnetic levitation systems. Here, we present i-LEV, a novel platform combining magnetic levitation with a smartphone device. The i-LEV system reliably analyses blood cell counts and can also detect individual cells. It is a rapid, portable, easy to use, and affordable platform that leverages the availability of smartphones to address a medical need and count RBC as well as WBC from unprocessed whole blood. Today, blood processing is a clinical procedure and requires extensive materials and equipment, as well as trained professionals. Therefore, it can currently not be implemented in the POC setting. Our system could, however, enable blood analyses from home and facilitate disease diagnosis and monitoring. The i-LEV device can also perform fl uorescent imaging, as the set-up carries several slots to insert fl uorescent LEDs, lenses, excitation fi lters, and emission fi lters (Figure 5 c) . Although, the current platform is static, it can be extended to enable dynamic fl ow experiments and monitor real-time effects of drugs on certain cell types that have been separated within capillaries. Using various microfl uidics techniques combined with i-LEV system would provide environment for new applications such as studying effects of drugs on cells by monitoring in real time inside levitation channel as well as screening of circulating tumor cells. Customized smartphone apps for each application can improve the performance and high throughput of the i-LEV system that can give read-out right away after images acquired. Next-generation applications of the system may include advanced tests, for example, to monitor circulating blood cells or sickle cell disease, especially in resource-constrained settings. Levitation systems integrated into smartphones could provide simple blood tests for large populations as smartphones are extensively used across the world. It is estimated that globally, approximately 5 billion people use mobile phones. [ 49 ] In this respect, smartphone integrated medical technologies such as i-LEV could potentially play an important role in health services, particularly in developing countries with limited fi nancial and logistical resources.
The i-LEV test results can be analyzed and evaluated using an app and can also be transferred to healthcare providers via integrated cloud platforms ( Figure 4 portability, affordability, and simplicity of our platform result in an easy-to-use set-up for blood counting in home settings, as well as biological or clinical laboratories.
In the future, we plan to apply our technology to address further medically relevant questions using a POC approach to diagnose and monitor diseases. For example, we have previously shown that cells infected by viruses have distinct levitation characteristics, representing another promising application for the i-LEV system once again particularly relevant for developing countries.
Experimental Section
Experimental Setup : 3 mm thick poly(methyl methacrylate) (PMMA) pieces cut with a laser cutter (VLS 2.30 Versa Laser) were used to assemble the i-LEV system with dimensions of 160, 100, 205 mm, as shown in Figure 5 c. Threads with 3 mm steps were designed to accommodate insertion parts for different applications. The top layer of the i-LEV system has several different versions that are compatible with different brands of smartphones. The height of the set-up can be halved for simple experiments, which do not require extensive optical systems and light sources. The full-size i-LEV system can accommodate fl uorescent imaging hardware by inserting broadband LEDs, as well as excitation and emission fi lters. Microcapillary channel (1 mm × 1 mm cross-section, 50 mm length, and 0.2 mm wall thickness), N52 grade neodymium magnets (NdFeB) (50 mm length, 2 mm width, and 5 mm height), and side mirrors were used to build the magnetic levitation device (Figure 5 a) .
The levitation device was placed 3 cm below the smartphone that contained a lens adapter. Phones with auto-focus features can adjust the focal plane without having to move the sample up and down. Before each separate measurement, a microcapillary channel was placed between the magnets after the plasma had been treated for 3 min at 100 W, 0.5 Torr. Two mirrors were placed at 45° to pass the light through the levitation channel, as the magnets block the direct incoming light. The channel illumination is aligned with the smartphone camera.
Sample Measurements : RBC, WBC, and polyethylene beads were spiked in PBS containing different concentration of paramagnetic medium (30 × 10 −3 M , 60 × 10 −3 M , and 90 × 10
30 µL of sample was pipetted into the microcapillaries and the channel was sealed with Critoseal. The samples were levitated for 30 min until they reached their equilibrium height within the system. Calibration measurements were performed to quantify stabilization time (Figure 3a,b) . The width and height of the cells and beads were imaged and analyzed using imageJ. Levitation of Red Blood Cells : Blood samples from healthy donors were received from Stanford University Blood Center. Whole blood was diluted at varying ratios in PBS containing 30 × 10 −3 M Gd + . Concentrations were described in the results. Concentrations of 450 and 90 million cells mL −1 of blood were used to measure blood stabilization time. Varying concentrations of blood, ranging from 250 to 0.8 million cells mL −1 were used to correlate the width of the blood band and cell concentrations.
Levitation of White Blood Cells : Whole blood was mixed with RBC lysis buffer at a 1:10 ratio. RBC were lysed after 5 min of incubation and the blood samples were suspended at 1.500 rpm for 3 min. The resulting WBC pellet was resuspended in PBS. Incremental concentrations between 1 and 5 million WBC mL −1 were used to correlate the width of the WBC levitation band with the cell concentrations.
Experiments . Diagram shows how i-LEV could be implemented and contributed to the healthcare system. Blood counting can be performed with an integrated mobile application at various settings (i.e., at home or work, or during travel or vacation). The mobile application reports the measurements to the healthcare provider. The healthcare provider analyzes the results and provides feedback through an online system. cryoprotective agent in order to kill WBC. After overnight incubation, dead WBC cells were stained with 4′,6-diamidino-2 phenylindole dihydrochloride (DAPI) (1:1.000 Invitrogen) for 15 min at room temperature. After staining, dead WBC were washed twice with PBS and resuspended in PBS. Finally dead WBC and 1.000× RBC were mixed and suspended (50:50) in PBS with 30 × 10 −3 M Gd + at 1500 rpm for 3 min. Cells were levitated for 30 min and imaged.
Image Analysis :
Step-by-step image analysis of RBC was performed using ImageJ. Briefl y, the image taken by the smartphone was uploaded to ImageJ. Then, the levitated blood band was cropped and the background was subtracted. The image was converted to 16-bit and the threshold was adjusted to "Default-BW" settings. Area, center of mass, and bounding rectangle were measured. Dividing the measured area by the bounding rectangle provided the average height of the blood band. Each step of image analysis is explained in more detail in the Supporting Information.
Supporting Information
Supporting Information is available from the Wiley Online Library or from the author. Figure 5 . i-LEV platform for cell quantifi cation and rapid sample preparation. a) Magnetic leviation device which is made of microcapillary channel, magnets and side mirrors. b-I) A small volume (30 µL) of a blood sample is loaded into the microcapillary, II) The blood sample is loaded to the microcapillary channel using capillary forces, III) The microcapillary channel is then sealed with Critoseal, IV) The capillary channel is introduced between two permanent neodymium magnets whose same poles are facing each other. c) The i-LEV set-up includes a smartphone, lens, levitation device, light source, and fi lters.
